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Proliferating cells adapt metabolism to support the conversion of available nutrients into biomass. How cell metabolism is
regulated to balance the production of ATP, metabolite building blocks, and reducing equivalents remains uncertain. Prolif-
erative metabolism often involves an increased rate of glycolysis. A key regulated step in glycolysis is catalyzed by pyruvate
kinase to convert phosphoenolpyruvate (PEP) to pyruvate. Surprisingly, there is strong selection for expression of the less
active M2 isoform of pyruvate kinase (PKM?2) in tumors and other proliferative tissues. Cell growth signals further decrease
PKM2 activity, and cells with less active PKM2 use another pathway with separate regulatory properties to convert PEP to
pyruvate. One consequence of using this alternative pathway is an accumulation of 3-phosphoglycerate (3PG) that leads to
the diversion of 3PG into the serine biosynthesis pathway. In fact, in some cancers a substantial portion of the total glucose
flux is directed toward serine synthesis, and genetic evidence suggests that glucose flux into this pathway can promote cell
transformation. Environmental conditions can also influence the pathways that cells use to generate biomass with the source
of carbon for lipid synthesis changing based on oxygen availability. Together, these findings argue that distinct metabolic
phenotypes exist among proliferating cells, and both genetic and environmental factors influence how metabolism is regulated

to support cell growth.

All cells rely on a source of nutrients for growth and
survival. These nutrients are taken up from the environ-
ment and directed into metabolic pathways to maintain
homeostasis and fuel cell-type-specific functions. For
all cells, these processes include maintenance of ion gra-
dients across membranes, transport of materials between
intracellular compartments, and other housekeeping func-
tions such as protein turnover. Many of these processes
are thermodynamically unfavorable and thus are coupled
to ATP hydrolysis as a source of free energy. To provide
metabolic support for these functions, cells have evolved
pathways, such as the oxidative metabolism of glucose,
that when coupled to mitochondrial oxidative phos-
phorylation can efficiently generate ATP from available
nutrients.

Proliferating cells, including cancer cells, metabolize
nutrients to support these same housekeeping functions.
They also must take up additional nutrients, metabolize
these nutrients through pathways that produce ATP,
and generate all the components necessary to duplicate
the mass of the cell and allow for cell division (Fig. 1).
For many unicellular organisms, this shift in metabo-
lism toward anabolic processes is dictated by nutrient

availability (Vander Heiden et al. 2009). However, for
mammalian cells nutrient uptake is controlled by the sig-
naling pathways that also regulate cell growth and prolif-
eration (Deberardinis et al. 2008; Vander Heiden et al.
2009). These signaling pathways contribute to the devel-
opment of human cancer, and their inappropriate activa-
tion in cancer is accompanied by an increase in nutrient
uptake that has long been described as a characteristic
feature of malignant cells (Locasale et al. 2009; Levine
and Puzio-Kuter 2010).

Additional metabolic changes, such as the increased
conversion of glucose to lactate, have also been described
in cancer. The increased fermentation of glucose to lac-
tate is referred to as aerobic glycolysis, or the Warburg
effect, and is a characteristic feature of many cancer cells
and normal proliferating cells (Lunt and Vander Heiden
2011). Aerobic glycolysis is less efficient than the com-
plete oxidative metabolism of glucose in terms of ATP
production, and this focus on inefficient ATP production
has confounded efforts to understand what advantage aer-
obic glycolysis may provide for cell proliferation. One
hypothesis is that aerobic glycolysis represents a way to
generate critical precursors for anabolic processes while
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Figure 1. Cell proliferation requires additional nutrient uptake to support duplication of biomass. The otherwise unfavorable reactions
required by all cells to maintain homeostasis are coupled to ATP hydrolysis. This requires the constant regeneration of ATP, and as a
result all cells rely on nutrients to fuel ATP production. In addition to supporting ATP production, proliferating cells must take up
additional nutrients and use those nutrients to generate precursors needed to duplicate the mass of the cell.

retaining adequate ATP production to maintain cell
homeostasis (Vander Heiden et al. 2009). It may also
allow for adequate redox balance during high rates of glu-
cose uptake. Much is known about how cells regulate
metabolism to generate ATP, as well as how specific met-
abolic building blocks are generated from available
nutrients. However, it is poorly understood how metabo-
lism is regulated to produce enough ATP while simulta-
neously generating all the building blocks in the correct
ratios to build a new cell. Here, we review recent work
illustrating how metabolic pathways are regulated in pro-
liferating cells to generate some of the key molecules
needed to support growth. We also discuss how both
genetic and environmental factors can influence the reg-
ulation of these pathways to promote cell proliferation in
different contexts.

THE REQUIREMENTS OF ANABOLIC
METABOLISM

Cell Proliferation Has Metabolic Needs
other than ATP

Efforts to understand metabolic changes that accom-
pany proliferation have been confounded by attempts to
reconcile the relative inefficiency of aerobic glycolysis
for ATP production. When coupled to mitochondrial
oxidative phosphorylation, the complete catabolism of
glucose to CO; can produce large amounts of ATP. How-
ever, other metabolic outputs are also required to support
cell growth. For instance, synthesizing a major structural
component of cell membranes, a 16-carbon fatty acid
(palmitate), from glucose requires ATP as well as carbon
precursors and reducing equivalents in the form of
nicotinamide adenine dinucleotide phosphate, reduced
(NADPH) (Fig. 2). All anabolic processes require a

source of carbon and/or nitrogen and many also need
reducing power in the form of NADPH (Fig. 3). NADPH,
like ATP, must be constantly regenerated to support these
biosynthetic processes. Regeneration of NADPH is also
required to keep glutathione in the reduced state and main-
tain a reduced intracellular environment (Lehninger et al.
1993).

Studies of metabolic regulation have largely focused
on ATP production, and there is limited understanding
of how cells meet these other requirements of cell prolif-
eration (Lunt and Vander Heiden 2011). For example, the
pentose phosphate pathway is thought to be the major

8 acetyl-CoA + 14 NADPH + 7 ATP = 16 carbon lipid

"\ Up to 36 ATP

4 glucose 7 glucose 1 glucose

Figure 2. Anabolic metabolism has requirements in addition to
ATP. Lipid synthesis to support new membrane production is
needed to support the growth and proliferation of many cells.
The requirements in terms of carbon units (acetyl-coenzyme
A, coA), reducing equivalents (NADPH), and ATP are shown
to make a 16-carbon palmitate molecule. Palmitate represents
a major structural component of cell membranes. The nutrient
“cost” for making each precursor metabolite is shown as a num-
ber of glucose equivalents. Even if glycolysis alone is used to
generate ATP, fewer than four glucose molecules are needed
to make enough ATP for production of a palmitate molecule.
The NADPH calculation assumes that two NADPH molecules
are generated per glucose via the pentose phosphate pathway.
The same glucose molecule can be used to make NADPH and
ATP while also generating acetyl-coA, and other pathways and
metabolites, such as glutamine, can be used to support lipid syn-
thesis. Nevertheless, the example illustrates that the biosynthesis
of many cellular building blocks requires nutrients in excess of
those needed for ATP production alone.
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Figure 3. Metabolic pathways active in proliferating cells. This schematic represents our current understanding of how different path-
ways in central carbon metabolism contribute to biomass precursors. Enzymes that control critical steps and are often overexpressed or
mutated in cancer cells are shown in blue. Abbreviations (other than standard nucleotide or amino acid abbreviations): PDH, pyruvate
dehydrogenase; SDH, succinate dehydrogenase; IDH, isocitrate dehydrogenase; P, phosphate; PRPP, phosphoribosyl pyrophosphate;
CoA, coenzyme A; ACP, acyl carrier protein; THF, tetrahydrofolate; DHF, dihydrofolate; aKG, a-ketoglutarate. (Adapted, with per-

mission, from Lunt and Vander Heiden 2011.)

source of NADPH production in cells. Whereas this is
true for some cells, there is increasing evidence that
flux through the oxidative pentose phosphate pathway is
low in some proliferating cells (Boros et al. 1998, 2000).
This suggests other pathways must be used in some situa-
tions to provide NAPDH for anabolic reactions. How dif-
ferential pathway utilization for NADPH generation is
regulated in different contexts is not known.

Some work has been done to determine the ATP re-
quirements of both proliferating cancer cells and nonpro-
liferating cells. Indeed, proliferative metabolism does
require additional ATP beyond that needed to maintain
homeostasis of quiescent cells. However, the incremental
increase in ATP demand necessary to support prolifera-

tion is small relative to the large ATP consumption
needed by all cells to support metabolic processes in
the absence of proliferation (Fig. 4) (Kilburn et al. 1969;
Locasale and Cantley 2010; Lunt and Vander Heiden
2011). Therefore, we hypothesize that proliferative cell
metabolism is adapted to supply carbon, nitrogen, and
reducing equivalents to support production of macro-
molecules needed to build a new cell.

The Growth of Most Proliferating Cells
Is Not Limited by ATP

Most proliferating mammalian cells are exposed to a
relatively constant supply of nutrients. There is no evi-
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Figure 4. Proliferative cell metabolism involves increased use of nutrients for biosynthesis. Glucose and glutamine are used to support
cell growth, and mammalian cells are exposed to a relatively constant supply of these nutrients. Metabolism of other nutrients, includ-
ing lipids and amino acids, can also be a source of ATP and macromolecular precursors for some cells. The relative ATP requirement is
shown to scale based on the calculations presented in Zu and Guppy (2004). The increase ATP requirement to support proliferation is
small relative to the amount of ATP needed to maintain homeostasis in the absence of cell proliferation, arguing that much of the
increased nutrient uptake in proliferating cancer cells is used to support biosynthetic reactions. (Adapted, with permission, from Van-

der Heiden 2011.)

dence that ATP is rate limiting for cell growth under these
conditions (Kilburn et al. 1969; Vander Heiden et al.
2009). In fact, sufficient ATP consumption is needed to
prevent inhibition of key rate-limiting steps in glycolysis.
The phosphofructokinase step of glycolysis in particular
is sensitive to the ATP/AMP ratio, and this enzyme con-
trols the entry of glucose metabolites into the downstream
steps of glycolysis (Lehninger et al. 1993). Glucose uti-
lization by tumors cells has been shown to be limited
by ATP consumption (Scholnick et al. 1973), and a recent
study confirmed that for many cancer cells ATP con-
sumption is needed to increase glucose metabolism
(Fang et al. 2010). Nevertheless, it has also been argued
that increased glycolysis in cancer may allow ATP gener-
ation at a faster rate (Koppenol et al. 2011). Indeed,
despite a lower yield of ATP per molecule of glucose,
when the glucose supply is not limiting, glycolysis alone
can produce ATP faster than mitochondrial oxidative
phosphorylation (Pfeiffer et al. 2001; Koppenol et al.
2011). However, oxidative phosphorylation supplies the
majority of ATP for most proliferating cells: A compari-
son of data from several cell lines found that glycolysis
contributes only about 20% of the cellular ATP, with
the rest provided by the mitochondria (Zu and Guppy
2004).

The Organization and Regulation of Metabolic
Pathways in Proliferating Cells Is Poorly
Understood

The basic network of reactions that cells used to gener-
ate ATP and to synthesize specific macromolecules has

been defined for decades (Fig. 3), and the feedback mech-
anisms ensuring enough ATP is made in different phys-
iological situations are well described (Lehninger et al.
1993). Historically, this knowledge was derived mostly
from studies of nonproliferating cells. Until recently,
few efforts have been made to understand the metabolic
network of proliferating cells. Cancer is a disease of
uncontrolled proliferation and therefore provides a model
system to understand how pathways are regulated to sup-
port growth. Studies from several groups have found that
enzymes in central carbon metabolism are regulated by
the signal transduction pathways mutated in cancer that
control cell proliferation (Deberardinis et al. 2008;
Vander Heiden et al. 2009; Cairns et al. 2011). Some
of these signaling pathways are also responsive to en-
vironmental conditions, including oxygen levels and
nutrient availability (Kaelin and Ratcliffe 2008; Zoncu
et al. 2011). This suggests that cells integrate growth
signals with environmental conditions to actively regu-
late a metabolic program conducive to cell growth and
proliferation.

Understanding the regulation of pyruvate kinase by
growth signals has provided insight into how proximal
glucose metabolism is controlled in proliferating cells
to redirect carbon away from ATP production and into
biosynthetic pathways. Additional studies tracking the
fate of carbon derived from extracellular nutrients in dif-
ferent genetic and environmental contexts have also illu-
minated metabolic pathway organization in proliferating
cells. These studies are providing new insight into the
metabolic programs that different cancer cells use to sup-
port proliferation.
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Figure 5. The less active PKM2 isoform of pyruvate kinase is associated with increased lactate production and anabolic metabolism. A
schematic representation of how the PKM1 and PKM2 isoform of pyruvate kinase influences glucose metabolism is shown. The PKM1
isoform with high constitutive activity promotes oxidative metabolism and efficient production of ATP. The PKM2 isoform can interact
with proteins phosphorylated on tyrosine residues downstream from cell growth signals, and this interaction decreases enzyme activity.
Inhibition of PKM2 activity by cell growth signals is associated with increased lactate production and enhanced anabolic metabolism.

PYRUVATE KINASE IS A REGULATED STEP
IN PROLIFERATING CELL METABOLISM

The Less Active PKM2 Isoform Is Expressed
in Proliferating Cells

Pyruvate kinase catalyzes the conversion of phospho-
enolpyruvate (PEP) and ADP to ATP and pyruvate and
is a key regulated step in the latter half of glycolysis
(Figs. 4 and 5) (Lehninger et al. 1993). Four isoforms
of pyruvate kinase are present in mammals, and the M2
isoform (PKM2) is the isoform expressed in both cancer
cells and normal proliferating cells (Mazurek 2010).
PKM2 is a product of the PK-M gene, which is alterna-
tively spliced by differential selection of a single exon
to produce either the PKM1 or PKM2 isoform (Takenaka
et al. 1996). Consistent with the expression of PKM2 in
proliferating cells, this isoform promotes both aerobic
glycolysis and anabolic metabolism (Christofk et al.
2008a). Many nonproliferating differentiated tissues that
rely on oxidative metabolism express PKM1. Forcing
tumor cells to express the more enzymatically active
PKMI isoform leads to increased oxidative metabolism
and the inability to form xenograft tumors in mice (Chris-
tofk et al. 2008a). This suggests that PKM?2 plays a crit-
ical role in proliferative metabolism in vivo. The dif-
ferentially spliced exons that distinguish PKM1 from
PKM?2 are identical in size and encode a 56-amino-acid
stretch of the enzyme that allows PKM2, but not
PKMLI, to be allosterically activated by the upstream gly-
colytic intermediate fructose-1,6-bisphosphate (FBP)
(Dombrauckas et al. 2005). The unique region that distin-
guishes PKM2 from the other pyruvate kinase isoforms
also allows for inhibition of enzymatic activity via bind-
ing to proteins phosphorylated on tyrosine downstream
from cell growth signals (Christofk et al. 2008b). Interest-
ingly, decreased PKM2 activity caused by the interaction
with phosphotyrosine-containing proteins leads to de-
creased glucose incorporation into lipids (Fig. 6A) and
impaired cell proliferation (Christofk et al. 2008b). This
suggests that an important event downstream from growth
factor signaling is a decrease in PKM2 activity and that

this decrease in activity contributes to efficient incorpora-
tion of nutrients into biomass (Fig. 5).

Cells Can Proliferate with Little or no
Pyruvate Kinase Activity

Glucose metabolism by aerobic glycolysis to produce
lactate is characteristic of many cancer cells. Lactate is
produced directly from pyruvate, and pyruvate is one of
the products of pyruvate kinase. Therefore, it is surprising
that decreased pyruvate kinase activity in cancer cells is
associated with increased lactate production (Christofk
et al. 2008a). Pyruvate can also be metabolized to com-
pounds required for cell growth (Fig. 3). Acetyl-coA is
a major carbon precursor used for lipid synthesis and
can be derived directly from pyruvate. However, as dis-
cussed above, increased lipid synthesis is also associated
with decreased pyruvate kinase activity in PKM2-ex-
pressing cells (Christofk et al. 2008a,b; Fig. 6A). Never-
theless, PKM2-expressing cells have more pyruvate
than cells engineered to express PKM1 (Christofk et al.
2008a), and it remains unclear how lower pyruvate kinase
activity promotes metabolism downstream of pyruvate.

Proliferating cells can convert PEP to pyruvate in the
absence of pyruvate kinase. When pyruvate kinase ex-
pression is decreased using shRNA, cells retain the ability
to proliferate despite retaining very little pyruvate kinase
activity (Christofk et al. 2008a; Vander Heiden et al.
2010; Fig. 6B). Glucose remains the major carbon source
used by these cells (not shown), and many anabolic reac-
tions require metabolism of glucose to metabolites down-
stream from PEP (Fig. 3). These findings argue that some
proliferating cells rely on pyruvate kinase—independent
glucose metabolism.

Proliferating Cells Utilize Another Enzyme to
Convert PEP to Pyruvate that Influences
Regulation of Glucose Metabolism

There is biochemical evidence that an activity other than
pyruvate kinase can convert PEP to pyruvate (Vander
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Figure 6. Anabolic metabolism and cell growth occur with low pyruvate kinase activity. (4) Increased phosphotyrosine signaling
decreases pyruvate kinase activity and promotes incorporation of Elucose carbon into lipids (Christofk et al. 2008b). H1299 lung
cancer cells were grown in [6-'*C]-glucose, and incorporation of '*C-labeled carbon into the extracted lipid fraction determined by
scintillation counting in the presence or absence of pervandate (PV) to increase phosphotyrosine signaling is shown (for experimental
details, see Christofk et al. 2008b). cpm, counts per minute. (B) Cells continue to proliferate with very little pyruvate kinase.
Doxycycline-inducible shRNA constructs targeting a PKM message were introduced into A13 pancreatic cancer cells expressing a
reverse tetracycline transactivator. Cell proliferation was assessed by cell counting over time in the absence (ctrl) or presence (PK
shRNA) of doxycycline to knock down pyruvate kinase expression as shown. Similar to data reported in Christofk et al. (2008a)
with H1299 cells, these cells continue to grow and divide despite having very little pyruvate kinase.

Heiden et al. 2010). This activity is associated with transfer feedback loop where PEP increases PGAM activity. The
of the phosphate group from PEP to the catalytic histidine rate of glucose metabolism exceeds the stoichiometry of
residue of phosphoglycerate mutase (PGAM) (Fig. 7) PGAM to accept the phosphate from PEP; thus a mecha-
(Vander Heiden et al. 2010). Phosphorylation of PGAM nism to release a free phosphate group is needed to allow
primes the enzyme for catalytic activity, creating a positive bulk PEP to pyruvate conversion in the absence of pyruvate
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w—oo, PHGDH {'\ C
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I Glycine Pool
Glutamine \ J
Nucleotides
£00H
cI__G AcCoA—— Lipids

oy

Pyrwate _______, jactate

| NADH NAD

3PG / 2PG Ratio

[ Growth Signal

Increased P-PGAM

Figure 7. Pyruvate kinase—independent glycolysis redirects glycolytic carbon into the serine and glycine biosynthesis pathway. A sche-
matic representation of how the lower part of glycolysis is regulated in PKM2-expressing cells to promote serine biosynthesis is shown.
When PKM2 activity is inhibited by phosphotyrosine-mediated growth signals, phosphoenolpyruvate (PEP) to pyruvate conversion can
still occur via a partially characterized activity. This activity is associated with a feedback loop where the phosphate from PEP can be
transferred to the catalytic histidine of PGAM. Increased phospho-PGAM (P-PGAM) increases the activity of this enzyme and is predicted
to increase the ratio of 3-phosphoglycerate (3PG) to 2-phosphoglycerate (2PG) and redirect glycolytic carbon into the serine and glycine
biosynthesis pathway. Metabolites in this pathway are important precursors for biosynthetic reactions, and serine pathway flux is also seen
in cancer cells with increased expression of phosphoglycerate dehydrogenase (PHGDH) resulting from gene-copy-number gain.
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kinase. Cells have a phosphatase that converts the 2,3-
diphosphoglycerate intermediate generated by the PGAM
mutase reaction to 2-phosphoglycerate (Cho et al. 2008).
It is also possible that the PEP-dependent PGAM phos-
phorylating activity releases phosphate from PEP to gener-
ate pyruvate via another mechanism. Nevertheless, the
presence of an alternative glycolytic pathway provides an
explanation for how cells grow in the absence of pyruvate
kinase, as well as how cells expressing the less active
PKM2 isoform can maintain high glucose to lactate flux.
This alternative activity to convert PEP to pyruvate is
active in PKM2-expressing cells with low pyruvate kinase
activity (Vander Heiden et al. 2010). ATP is not generated
in this reaction. Because the net ATP produced by glycol-
ysis is derived from pyruvate kinase, engaging the alterna-
tive glycolytic pathway allows glucose assimilation into
the metabolic network without making ATP. Therefore,
this may be a mechanism to prevent accumulation of a
high ATP/AMP ratio that would otherwise inhibit glucose
metabolism and allow efficient biomass accumulation.

REDIRECTION OF GLUCOSE CARBON INTO
SERINE BIOSYNTHESIS TO SUPPORT CELL
PROLIFERATION

Redirection of Glycolytic Metabolites into
the Serine Biosynthesis Pathway Is a Consequence
of PKM2 Regulation

PKM2 inhibition to engage an alternative glycolytic
pathway has additional implications for metabolic regula-
tion. This alternative pathway is associated with a positive
feedback loop that increases PGAM activity such that PEP
promotes the production of PEP (Fig. 7). One conse-
quence of this feedback regulation is an increase in the 3-
phosphoglycerate (3-PG) to 2-phosphoglycerate ratio that
accompanies increasing PGAM activation (J Locasale,
unpubl.). Because the feedback loop effectively increases
the relative concentration of 3-PG, this increase in chem-
ical potential favors the flow of glucose metabolites into
other pathways that branch from glycolysis at 3-PG.
Once such pathway is used to generate serine and glycine
from glucose (de Koning et al. 2003). Therefore, use of the
alternative glycolytic pathway promoted by PKM?2 inhib-
ition is predicted to redirect glucose metabolism into ser-
ine biosynthesis (Fig. 7). In support of this prediction,
many cancer cells exhibit increased flux from glucose
into serine and glycine biosynthesis (Locasale et al.
2011). Serine and glycine are important precursors to
make proteins, lipids, and nucleic acids (Figs. 3 and 7).
Hence, this is one mechanism by which decreased pyru-
vate kinase activity can promote anabolic metabolism.

Gene Amplification to Increase Expression of
PHGDH Can Also Promote Increased Dependence
on the Serine Biosynthesis Pathway in Some
Cancer Cells

Additional evidence supports the importance of redi-
recting glucose carbon into the serine biosynthesis path-

way for cell proliferation. The PHGDH gene encodes
phosphoglycerate dehydrogenase, the first enzyme in the
serine biosynthesis pathway branching from glycolysis
(Fig. 7), and PHGDH is amplified in a subset of human
cancers (Locasale et al. 2011). PHGDH copy-number
gain causes increased PHGDH protein expression and is
observed most frequently in melanoma and breast cancer.
Increased PGHDH expression results in increased flux of
glucose carbon into serine biosynthesis, and proliferation
of cells with PHGDH copy-number gain is blocked by
shRNA-mediated knockdown of PHGDH expression
(Locasale et al. 2011; Possemato et al. 2011). Thus, for
human cancer cells, at least two different mechanisms
exist to increase the flow of glucose carbon into serine
biosynthesis: phosphotyrosine growth signal-mediated
regulation of PKM2 and PHGDH copy-number gain.
Whether increases in PHGDH by mechanisms other
than PHGDH amplification are used to promote cell pro-
liferation under some physiological conditions remains to
be determined.

GLUTAMINE CARBON CAN BE USED AS A
PRECURSOR FOR LIPID SYNTHESIS

Reductive Metabolism of Glutamine to Produce
Cytosolic Acetyl-coA

Glycolysis and the serine biosynthesis pathway supply
important molecules for anabolic metabolism; however,
important biosynthetic precursors are also derived from
intermediates in the tricarboxylic acid (TCA) cycle
(Fig. 3). Pyruvate can be converted to acetyl-coA in the
mitochondria. This is the first step in the complete oxida-
tion of glucose in the TCA cycle that allows maximal
ATP production from glucose when coupled to oxidative
phosphorylation. However, acetyl-coA can also be ex-
ported from the mitochondria via the citrate shuttle for
use as a two-carbon building block in anabolic reactions
in the cytosol. For instance, acetyl-coA is a source of car-
bon for lipid synthesis. Many proliferating cells synthe-
size lipids de novo (Ookhtens et al. 1984; Menendez
and Lupu 2007), and glucose is a major source of acetyl-
coA in cells (Hatzivassiliou et al. 2005; Wellen et al.
2009). However, glutamine can also be a source of carbon
for acetyl-coA (Yoo et al. 2004, 2008; DeBerardinis et al.
2007), and it may be the principle source of this important
biosynthetic precursor under some physiological condi-
tions (Metallo et al. 2011).

Proliferating mammalian cells use glutamine as a
source of nitrogen and as a key anapleurotic carbon source
to replenish metabolites depleted from the TCA cycle for
biosynthesis (Fig. 3) (DeBerardinis et al. 2007; Dang
2010). Glutamine can provide carbon for lipid synthesis
by oxidative metabolism through the TCA cycle to
produce malate, which when converted to pyruvate can
be decarboxylated to yield acetyl-coA in the mito-
chondria followed by export to the cytosol via the citrate
shuttle. This route of glutamine metabolism, termed
glutaminolysis, can fuel mitochondrial ATP generation,
serve as a source of NADPH by the action of malic
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Figure 8. The source of carbon used to generate lipogenic acetyl-coA switches from glucose to glutamine when oxygen levels are low.
Glucose is used to generate acetyl-coA (AcCoA) in cells under standard tissue culture conditions (glucose oxidation; pathway shown in
blue). However, when oxygen is limiting, as is the case for many cells in vivo, reductive metabolism of glutamine is used to synthesize
AcCoA used for 11p1d synthesis (glutamine reduction; red pathway). Data shown for percentage of contribution to lipogenic AcCoA
were obtained using '*C-labeled glucose or '*C-labeled glutamine from proliferating HCT116 colon cancer cells grown under standard
tissue culture conditions (normoxia) or 1% oxygen (hypoxia). Detailed methods are described in Metallo et al. (2011). Oac, oxaloa-

cetate; aKG, a-ketoglutarate.

enzyme, and supply anapleurotic carbon to the TCA cycle
(DeBerardinis et al. 2007; Dang 2010). However, gluta-
mine can also be used to generate cytosolic acetyl-coA
via a reductive pathway involving direct conversion of
a-ketoglutarate and CO; to citrate (Yoo et al. 2008; Met-
allo et al. 2011). This citrate can then be used as a source
of acetyl-coA in the cytosol (Fig. 8).

Low Oxygen Levels or VHL Loss Promoted
Reductive Glutamine Metabolism to Support
Lipid Synthesis

Whereas the reductive metabolism of glutamine was
known to occur in some differentiated tissues (Yoo et al.
2008), recent evidence using isotope-labeled carbon trac-
ing suggests that the reductive metabolism of glutamine
can be a major pathway for lipid production when cells
are hypoxic (Metallo et al. 2011). Reductive glutamine
metabolism is a minor source of lipogenic acetyl-coA
when oxygen levels are high, but glutamine becomes
the major source of carbon for lipid synthesis when cells
are proliferating under low-oxygen conditions (Fig. 8).
This switch from glucose to glutamine as a source of
carbon for lipogenesis is mediated in part by the VHL/
HIF (von Hippel—Landau gene product/hypoxia-induci-
ble factor) signaling pathway that senses oxygen levels in
cells (Kaelin 2008). Low-oxygen levels lead to HIF stabi-
lization and increased expression of pyruvate dehydro-
genase kinase 1 (Kim et al. 2006; Papandreou et al.
2006). Pyruvate dehydrogenase kinase is a negative
regulator of pyruvate dehydrogenase, the enzyme that
converts pyruvate to acetyl-coA. Less acetyl-coA produc-
tion from pyruvate results in less citrate production, and
the decreased citrate levels observed in hypoxic cells

provide one driving force for reductive metabolism of
a-ketoglutarate to citrate (Metallo et al. 2011). The
VHL tumor suppressor protein is a ubiquitin E3 ligase
that degrades HIF when oxygen levels are high and is fre-
quently lost in some human cancers (Kaelin 2008). Con-
sistent with this pathway influencing the use of glutamine
carbon for lipid synthesis, VHL-deficient renal cell can-
cer lines use reductive glutamine metabolism for lipogen-
esis even when oxygen levels are high (Metallo et al.
2011). In hypoxic microenvironments in vivo, glucose
is also likely to be limited. Because glucose carbon is
necessary for nucleic acid biosynthesis (Metallo and Van-
der Heiden 2010; Wellen et al. 2010), use of reductive
glutamine metabolism for lipid synthesis may allow cells
to more efficiently distribute available nutrients under
conditions of metabolic stress. These findings illustrate
another example of how metabolic pathway organization
is altered to provide biosynthetic precursors that support
cell proliferation.

CONCLUSIONS

Cellular metabolism is adapted to support physiologi-
cal processes in cells. These include housekeeping func-
tions as well as functions unique to specific cell types.
Evidence is accumulating that metabolism is actively
regulated to facilitate a metabolic program that allows
cells to adapt to physiological situations. For proliferating
cells, this involves a reorganization of metabolic path-
ways to generate precursors needed to create biomass.
Genetic factors such as pyruvate kinase isoform selec-
tion, PHGDH expression, and VHL expression can influ-
ence the flow of carbon through the metabolic network.
The cell environment can also impact which pathways
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are used to support proliferation, potentially as a means to
efficiently distribute available nutrients into pathways
that generate biomass. Thus, proliferating cells in differ-
ent genetic and environmental contexts can adapt metab-
olism to support a biosynthetic program that is matched to
specific cellular conditions. Our knowledge of how cells
actively regulate metabolism to achieve these goals is
incomplete. However, understanding the metabolic solu-
tions different cells use to support proliferation will be
critical to understanding metabolic changes associated
with various disease states such as cancer.
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